Ascorbic acid is an essential nutrient commonly regarded as an antioxidant. In this study, we showed that ascorbate at pharmacologic concentrations was a prooxidant, generating hydrogenperoxide-dependent cytotoxicity toward a variety of cancer cells in vitro without adversely affecting normal cells. To test this action in vivo, normal oral tight control was bypassed by parenteral ascorbate administration. Real-time microdialysis sampling in mice bearing glioblastoma xenografts showed that a single pharmacologic dose of ascorbate produced sustained ascorbate radical and hydrogen peroxide formation selectively within interstitial fluids of tumors but not in blood. Moreover, a regimen of daily pharmacologic ascorbate treatment significantly decreased growth rates of ovarian (P < 0.005), pancreatic (P < 0.05), and glioblastoma (P < 0.001) tumors established in mice. Similar pharmacologic concentrations were readily achieved in humans given ascorbate intravenously. These data suggest that ascorbate as a prodrug may have benefits in cancers with poor prognosis and limited therapeutic options.
V
itamin C (ascorbate) is an essential micronutrient used as a co-factor by numerous biosynthetic enzymes. An additional viewpoint is that ascorbate serves as an antioxidant and increased intake from either foods or dietary supplements might promote good health (1) . Cancer chemoprevention studies have used this antioxidant rationale to examine a putative inverse association between tumor incidence and ascorbate ingestion (2, 3) . In contrast to this line of investigation, we have tested the hypothesis that pharmacologic concentrations of ascorbate may engender a prooxidant cytotoxic state within tumors. In our initial in vitro experiments, we observed hydrogen peroxide (H 2 O 2 )-dependent cytotoxicity after ascorbate exposure (EC 50 Ͻ 4 mM) in five cancer cell lines, whereas normal cells were resistant (4) . The in vivo pharmacokinetics of ascorbate treatment was subsequently determined in rats (5) . These dosing and biodistribution data in rodents showed that oral ascorbate administration produced concentrations that cannot exceed 0.2 mM in plasma and extracellular fluids because of physiologic tight control, similar to mechanisms that exist in humans (6) (7) (8) . Pharmacologic concentrations of ascorbate (Ͼ0.2 mM) in body fluids could be attained only when oral tight control mechanisms were bypassed by parenteral (i.v., i.p.) ascorbate administration routes. Pharmacologic ascorbate concentrations in plasma resulted in the formation of both ascorbate radical and H 2 O 2 in extracellular fluid of the tissue parenchyma (5) . On the basis of these data, the efficacy of parenteral ascorbate administration on tumor growth in vivo was examined by using the dose-toxicity relationships of ascorbate in numerous types of cancer cells in vitro.
Results

Range of Cancer Cell Sensitivity to Ascorbate-Derived Hydrogen
Peroxide. An extensive panel of 43 tumor and 5 normal cell lines were exposed to ascorbate in vitro for Յ2 h to mimic clinical pharmacokinetics, and the effective concentration that decreased survival 50% (EC 50 ) was determined. EC 50 was Ͻ10 mM for 75% of tumor cells tested, whereas cytotoxicity was not evident in normal cells with Ͼ20 mM ascorbate (Fig. 1A) . The addition of catalase to the medium ameliorated death of ovarian carcinoma (Ovcar5), pancreatic carcinoma (Pan02), and glioblastoma (9L) cells exposed to 10 mM ascorbate (1 h), indicating cytotoxicity was mediated by H 2 O 2 ( Fig. 1B) , which is consistent with previous work on a more limited sampling of cancer cell types (4, 9) .
Pharmacological Ascorbate Treatment Decreases Tumor Growth.
Given their relative sensitivity, the efficacy of pharmacologic ascorbate administration on the growth of Ovcar5, Pan02, and 9L tumors was examined in nude mice. The acidity of ascorbate solutions was neutralized to pH 7 with sodium hydroxide. A maximum tolerated dose for ascorbate was limited by potential stress from osmotic imbalance after injection into the peritoneal cavity. A treatment dose of 4 g ascorbate/kg body weight either once or twice daily did not produce any discernible adverse effects. Treatment commenced after tumors reached a palpable size of 5-7 mm in diameter.
Xenograft experiments showed that parenteral ascorbate as the only treatment significantly decreased both tumor growth and weight by 41-53% (P ϭ 0.04-0.001) for Ovcar5, Pan02, and 9L tumors (Fig. 2 A-F) . Metastases, present in Ϸ30% of 9L glioblastoma controls, were absent in ascorbate-treated animals (data not shown).
In Situ Analysis Shows Prooxidant Metabolism of Ascorbate at Pharmacological Concentrations Is Achievable in Human Subjects. To explore potential mechanisms underlying ascorbate action in vivo, blood samples and interstitial fluids from s.c. and 9L tumor sites were obtained by microdialysis in athymic mice. Parenteral administration of a single ascorbate dose (4 g per kilogram of body weight) increased ascorbate in both blood and tissue sites Ͼ150-fold from a baseline of Ͻ0.2 mM to peak concentrations of Ͼ30 mM after 90-180 min (Fig. 3A) . Treatment increased ascorbate radical in the extracellular fluid of both 9L tumors and the s.c. space from Ͻ10 nM to 500 nM and higher, but blood concentrations did not exceed 50 nM (Fig. 3B) . Ascorbate radical concentration as a function of ascorbate concentration was displayed for all fluids and time points, and previous data were added from studies of rats given lower ascorbate doses (Fig.  3C) (5) . The relationships were strikingly consistent in the two species and provide key evidence that with pharmacologic ascorbate concentrations, ascorbate radical increased selectively in extracellular fluids but not in blood. A rapid and sustained increase in H 2 O 2 was detected within tumor extracellular fluids within 30 min of parenteral ascorbate administration, achieving a plateau of 150 M (Fig. 3D) . Clinical relevance of pharmacokinetics data were investigated in human subjects who received escalating doses of i.v. ascorbate as part of an exploratory treatment protocol. Peak plasma concentrations of ascorbate approached 30 mM (Fig. 3E) , similar to concentrations observed in mice given parenteral ascorbate (Fig. 3A) .
Discussion
These preclinical data provide a firm basis for advancing pharmacologic ascorbate in cancer treatment to humans. The tumor xenograft results are especially noteworthy because ascorbate, considered a nutrient, was used here only as a single-agent drug. Pharmacologic concentrations of ascorbate decreased tumor volumes 41-53% in diverse cancer types known for both their aggressive growth and limited treatment options.
Ascorbate has a unique history in cancer treatment. Interest peaked over 30 years ago when retrospective data indicating possible benefit of high-dose ascorbate for patients with cancer were published (10, 11) . Subsequent double-blind placebocontrolled trials showing no benefit were considered definitive, and ascorbate treatment was dismissed by conventional oncologists (12) (13) (14) . We revisited the controversy of ascorbate in cancer therapy in light of several new observations. First, it was recognized that ascorbate was administered both intravenously and orally in the retrospective studies but only orally in the doubleblind trials (15) . Second, clinical and pharmacokinetics studies within the past 12 years indicate that oral ascorbate produces concentrations in plasma and tissue that are tightly controlled (Ͻ0.2 mM) (6) (7) (8) . Our studies in rats demonstrated that pharmacologic concentrations of ascorbate in plasma (Ͼ0.2 mM) could be achieved only by circumventing oral tight control with parenteral administration (5). Third, complementary and alternative medicine practitioners continue to administer high-dose ascorbate off label, without apparent toxicity when patients are properly screened for normal renal function and absence of glucose-6-phosphate dehydrogenase deficiency, iron overload, and oxalate nephropathy (8, 14, 15) . With such screening, data from a recent Phase I study show that i.v. ascorbate did not have adverse effects (16) . These data coupled with the possibility of benefit (17) suggested that further rigorous studies were warranted.
Our findings showed that pharmacologic ascorbic acid concentrations were cytotoxic to many types of cancer cells in vitro ( Fig. 1 A) and significantly impeded tumor progression in vivo without toxicity to normal tissues (Fig. 3) . The amelioration of ascorbate cytotoxicity in vitro by the addition of catalase was consistent among sensitive cancer cells (Fig. 1B) and points unambiguously to H 2 O 2 generation in the extracellular medium (4) . Hydrogen peroxide cytotoxicity is promiscuous in its action, compromising membranes, glucose metabolism, and DNA integrity (18) . Variation in sensitivity among cancer cells may be related to the complex networks that H 2 O 2 acts on combined with the range of functional mutations intrinsic to each cancer cell line, which are not present in normal cells (EC 50 Ͼ 20 mM) (Fig. 1 A) . Although the molecular basis for the relative resistance of normal cells remains to be elucidated, the current in vivo (1 ϫ 10 4 ) in logarithmic growth phase were cultured in recommended growth media containing 10% FCS and exposed to serial dilutions of ascorbate (0 -20 mM, pH 7) for 2 h and washed and cultured for an additional 24 -48 h in growth medium in the absence of ascorbate. EC 50 values indicate the concentration of ascorbate that reduced survival by 50% determined by viability assays as previously described (4, 9) . EC 50 values for 13 of 43 cells were previously shown (4). (B) Ovarian carcinoma-Ovcar5 (OE), pancreatic carcinoma-Pan02 (F), glioblastoma-9L (■), and normal human fibroblast-CCD34SK (ᮀ) were exposed to ascorbate (pH 7) for 1 h as described in A. Addition of catalase (600 units/ml) before ascorbate (10 mM) ameliorated cytoxicity equivalently for all cells tested (E). Data in A and B represent mean values of six determinations Ϯ SD.
data support that pharmacologic ascorbate concentrations, which can readily be achieved in humans (Fig. 3E) , diminished growth of several aggressive cancer types in mice (Fig. 2) without causing apparent adverse effects.
We observed that ascorbate radical was an essential intermediate in H 2 O 2 generation from pharmacologic ascorbate (Fig. 4) . Ascorbate radical concentrations in extracellular fluids of both mice and rats were evident over a wide dose range of ascorbate, reaching a steady-state plateau of Ͼ500 nM at tissue ascorbate concentrations of Ͼ20 mM. Despite corresponding ascorbate concentrations in blood, minimal ascorbate radical and no H 2 O 2 were evident (5) (Fig. 3) . These data suggest that the lifetimes of ascorbate radical and H 2 O 2 in blood are limited to below the detection limit, likely because of the predominance of erythrocyte peroxidase capacity (18) . Data generated using microdialysis technique show that the putative metallocatalyst(s) for the generation of ascorbate radical and H 2 O 2 was present within extracellular fluids, including tumor interstitial space (Fig. 3) (5) .
Our previous work suggested that catalytic activity in serum was mediated by a protein (or proteins), because activity was heatlabile and between 10 and 30 kDa in size (4). Ascorbate is a reducing cofactor for a select small group of metal-centered enzymes (19, 20) . Pharmacologic concentrations of ascorbate may react with a larger set of metallocatalysts with higher K M s for ascorbate that otherwise are not engaged in normal biological conditions. This degeneration toward increased nonspecific reactions with pharmacologic ascorbate, with the subsequent formation of H 2 O 2 , may underlie the physiologic basis of tight control in ascorbate homeostasis.
It was notable that the tumor parenchyma experienced an early and sustained increase in H 2 O 2 after ascorbate treatment relative to s.c. sites (Fig. 3D) . This finding may be because of either an enhanced formation or decreased destruction of H 2 O 2 within tumor intersitium relative to normal extracellular fluid. These intratumoral H 2 O 2 concentrations of Ͼ125 M persisted for Ͼ3 h after ascorbate administration, similar to endogenous levels evident in dermal wound sites 2-5 d after injury (21) . Although H 2 O 2 formation may be a trigger for angiogenesis (22, 23) , normal wound healing follows a defined temporal progression and resolution. In contrast to this healing process, our regimen of daily pharmacologic ascorbate treatment produced episodic and chronic H 2 O 2 formation, which in the context of the tumor milieu manifested as an overall diminished tumor growth rate (Fig. 2) . Of note, the tumoricidal effect of daily pharmacologic ascorbate treatment was mechanistically similar to the effects observed in other investigations that used adenoviraldriven overexpression of the extracellular isoform of superoxide dismutase in pancreatic tumors (24) . Both approaches increased interstitial H 2 O 2 concentrations, leading to a comparable suppression of cancer growth.
Pharmacologic ascorbate is readily available, inexpensive, and without apparent toxicity when used with proper screening. Moreover, substantial off-label administration of ascorbate already exists within the complementary medicine community. Figure 3E shows that pharmacologic plasma ascorbate concentrations similar to those showing efficacy in tumor-bearing mice can be attained in humans. Although our preclinical mouse data showed that tumor growth was significantly decreased (Fig. 2) , the use of pharmacologic ascorbate as a single agent was not curative. As modalities in cancer are often combined, these data suggest that pharmacologic ascorbate in combination with other therapies deserves further exploration for treatment of cancers and ultimately the tumorcidal effector H 2O2. In blood, these reactions are minimized (4, 5) .
that otherwise have poor outcomes, such as pancreatic and ovarian carcinomas and glioblastoma. volume ϭ (length) ϫ (width) 2 ϫ 0.5. At the end of the experiments, mice were killed with final tumor weight and metastases assessed by gross necropsy.
Materials and Methods
In Situ Sample Acquisition. Mice were anesthetized and maintained for microdialysis as previously described (5) with the following modifications: separate probes (CMA/20 4 ϫ 0.5 mm, 20 kDa cutoff) were implanted into tumor tissue (right flank) and s.c. spaces (left flank) and perfused (1 l/min) with sterile 0.9% saline solution. After a 30-min baseline period, a single dose of ascorbate (4 g per kilogram of body weight, pH 7) was given by i.p. injection at 0 min and probe eluates were collected simultaneously from each site in 30-min intervals. Relative recovery of analytes through the probe membrane was: ascorbate 12%, ascorbate radical 65%, and H 2O2 20%. Blood was collected from the tail vein into heparinized hematocrit tubes, and analytes were determined as single point measures every 30 min.
Analytical Chemistry. Ascorbate and ascorbate radical concentrations in plasma and microdialysates were determined by HPLC separation with electrochemical detection and electron paramagnetic resonance, respectively, as previously described (5) . Formation of H 2O2 was determined by simultaneous collection of dialysate into tubes containing peroxyxanthone (20 M) either with or without catalase (600 units/ml), followed by fluorescence spectroscopy as previously described (5) . Nonspecific background signal and low probe relative recovery restricted the lower limit of sensitivity to 20 M.
Human Studies. Plasma ascorbic acid concentrations were measured in participants enrolled in two clinical trials using i.v. ascorbic acid as cancer therapy at the University of Kansas (ClinicalTrials.gov registration numbers: NCT00284427 and NCT0022831). The trials were approved by the University of Kansas Human Subjects Committee, and written informed consent was obtained from each participant. A single starting ascorbate dose of 15 g over 30 min at 0.5 g/min was infused with subsequent dose escalation of 25 g over 50 min, 50 g over 100 min, 75 g over 150 min, and 100 g over 200 min. Venous blood samples (n ϭ 8, 4 at 100 g) were drawn at the completion of each infusion, and plasma was immediately prepared and frozen to Ϫ80°C until analyzed.
